It is concluded that clonus is not due to the self re-excitation of proprioceptive reflexes but is dependent on a spinal generator, the rate of beating of which is normally independent of peripheral circumstances, although it may be be switched on and its activity maintained by appropriate events.
Clonus is a common neurological sign and one which is at times disturbing to the patient. It has, however, been the subject of very little study. The rhythmic action is usually regarded as the result of self re-excitation of hyperactive stretch reflexes. This view has a long history (cf Noica, 1917 Noica, , 1919 and there was prima facie support from some experiments on the silent period in decerebrate cats by Denny-Brown (1929) . Sherrington himself does not appear to have studied clonus but accepted Denny-Brown's interpretation. It is expressed in the 'little red book' of the Oxford School (Creed et al., 1932) and by Sherrington himself (1939) . The self reexcitation hypothesis is plausible, for clonus may often be set off by a single tendon tap and with Sherrington's support the view does not appear to have been challenged. The existence of a silent period may, however, play a stabilizing role if the timing of the quiescence is appropriate for the delays in the system (Merton, 1951) .
It is a characteristic of oscillatory systems that their frequency can normally be changed by the appropriate application of a rhythmic signal close to the frequency of oscillation. Accordingly, it may be argued that rhythmic force (Accepted 3 November 1975.) 266 applied to the foot of a person with clonus should 'entrain' the rhythm to that of the applied frequency. The study of entrainment has a long history. It is related that Huygens (1629 Huygens ( -1695 reported that two clocks which were slightly out of step when hung on a wall became synchronized when fixed on a thin wooden board (Minorsky, 1962) . The synchronization effect can readily be observed in electronic circuits (Appleton, 1922) and may be expected in appropriate experiments on neurological feedback loops.
For the present study, use has been made of a 'printed' motor (Evans, 1972 (Walsh, 1971 Fig. 1 . Some of the earlier results used the same motor but this was fixed to a tubular metal frame and was held below rather than above the ankle. That system has been illustrated previously (Walsh, 1974) . A smaller motor, type G9M4, was used for the study of wrist clonus. The apparatus has been illustrated elsewhere (Gillingham et al., 1972) .
The (Fig. 2) . The amplitude of the potentials is reduced but the rate remains the same as that of the preceding clonus. If the skin over the muscle be observed at this time, small fluctuations in the contours can often be observed that evidently correspond to the electrical changes. The persistence of this 'subclinical clonus' also speaks for the existence of a central pacemaker, for the mechanical conditions in the limb have changed widely and yet the rate of beating remains unchanged.
These observations may sometimes be paralleled in the clinic with no special apparatus. First, it may be observed that the intensity but not the rate of clonus is modified according to the pressure applied to the ball of the foot. Secondly, when the pressure is withdrawn and the calf observed, rhythmic alterations in the muscle form may be seen.
On the one occasion on which muscle activity was studied by an intramuscular electrode, the discharge of a motor unit was seen for each cycle of the clonus. No double discharges were seen.
EFFECTS OF RHYTHMIC FORCES In five patients rhythmic forces were added to a constantly applied force. When the rate was close to but not identical with that of clonus, it was possible to set up beats. To get clearly defined maxima and minima for the beat cycles it was necessary to adjust the amplitude of the rhythmic component of the force to an appropriate level. This was not a difficult procedure and could usually be accomplished by trial and error in a short time. A sinusoidal waveform was usually used, but square waveforms and pulses too proved quite effective. As soon as the rhythmic force was applied, the steady pulsations of the clonus were replaced by pulsations which, while of the same rate, varied in amplitude in a slow and systematic manner (Fig. 4) The electromyographic potentials recorded from the calf show changes corresponding to the beats, for the amplitude of the massed muscle activity is greater when the swings are large rather than when they are small. It seems probable therefore that as the physical interaction proceeds, additional motor units may be recruited by reflex mechanisms.
In one patient, observations were made using the on-line phase detector (Fig. 5) . The signals from the signal generator reached the detector together with those corresponding to velocity even when the motor was not switched on. With a steady clonus, there were naturally rhythmic shifts in phase around the full 360°as the clonus and the generator moved into step, out of step, and then into step again. This rhythmic fluctuation of phase indicated clearly the beat frequency predicted by simple theory. When the current from the generator was fed to the motor, beats were set up and here too there was a rhythmic fluctuation of phase. Predictably, this did not amount to 360°unless the amplitude of the force closely matched the clonus. It will be seen ;~l 1 lt | * l f -1* I -l t 3.l (Fig. 6) . The synchronism was sometimes lost after a number of waves; one possible cause could be minor variations in clock frequency. The EMG findings (Table 2) are similar. After the first and presumably reflex burst the subsequent waves kept well in step at first.
When clonus is present on both sides, the question arises as to the relationship between the rhythms. In one patient, clonus was generated by a printed motor on one side and by pulling up on the foot with an extension spring on the other side. On the side of the spring, the rhythm was monitored electromyographically. The rates of clonus in the two sides showed small but real differences. The suggestion, then, is that there is more than one rhythmic generator.
SITE OF GENERATOR One of the subjects showing beats had suffered a transection ofthe spinal cord at C7/T1 segment which was deemed clinically to be complete (Figs 2, 3, 4) . It is accordingly presumed that the generator is spinal in site.
Wrist clonus
In the two patients, the hand was normally held in a flexed position, and was stable. When a steady extensor force was applied, the steady beats of clonus occurred at a regular rate in both. There was no difficulty in setting up beats when a rhythmic component was added to the force (Fig. 7) . The rate of the clonus in one patient was steady at 6.0 Hz, the rate of the other clonus was 5.7 Hz.
DISCUSSION CLONUS IN ABSENCE OF ACHILLES TENDON JERK
Twenty years ago when the operation of hemispherectomy was being undertaken, Dr J. A. V. Bates (of the National Hospital, Queen Square, London) tested knee jerk, ankle jerk, and ankle clonus in the spastic limb during the induction of anaesthesia. The patients were started on pentobarbitone and continued on gas, oxygen, and a little ether supplemented with pethidine. It was observed that the depression of clonus did not run parallel to the depression of the knee and ankle jerks. Clonus was relatively more resistant to the anaesthetics. In one patient, clonus was clearly demonstrated when the ankle jerk was unobtainable.
Dr P. W. Nathan, also of the National Hospital, has investigated the influence of intrathecal procaine to give a differential block of spinal roots in spastic patients. In one of these patients the left lower limb was lying toneless and flaccid, but was observed going into spontaneous clonus. Dr Nathan has observed the same phenomenon in two decerebrate human subjects being given diazepam. The bursts in successive trials are evidently within register for the first five or ten beats, thereafter the synchrony is lost. * Time (ms) from first EMG discharge to subsequent discharges. Clonus initiated by abrupt onset of bias (square wave from slowly running wave generator). First discharge is apparently a reflex phase locked to initial motion. A.H., male, aged 45 yr (see also Fig. 6 which refers to an independent set of observations on the same patient).
. .1 1 I I 1 I I I I I I S -o r n R n l l c , . EFFECTS OF BIAS If the oscillation were dependent on self re-exciting peripheral reflexes, it would be expected that the rate of the clonus would depend strikingly on the mechanical situation in muscle. This is found in the rhythmic action which results when a normal limb is coupled to a source of negative damping (Walsh, 1970 up to the duration of one complete cycle. A similar situation was considered in another connection elsewhere (Walsh, 1952) . The wave form, however, when bias is applied may approximately repeat time and time again (Fig. 6, Table 2 ).
It is supposed, therefore, that the generator is switched on by a sufficiently intense abrupt proprioceptive volley. Clonus may also start when the bias is applied more gradually (Fig. 2) . It seems that the generator can therefore also be switched on by a continuing and presumably asynchronous discharge. When bias is withdrawn, the rhythmicity stops, if not immediately, after some seconds. So continued activity of the generator appears also to need a proprioceptive input.
The initial movement of the foot when bias is suddenly applied is of course mechanical but is soon followed by the first electromyographic discharge which is presumably due to the operation of a stretch reflex. This may then start a clonus. It appears that when a sustained clonus is initiated a central generator is 'switched in'. BEATS The most striking single finding of the study is that a clonus cannot be entrained at the force levels that have been used. Rather it has constantly been found that beats are set up to an applied rhythmic force. This strongly suggests that the oscillation of clonus is the result of the activity ofan autonomous central pacemaker. Beats were seen not only in the cases with ankle clonus, but also in the two cases of wrist clonus.
Systems may produce beats, even though there is some weak coupling. Lord Rayleigh studied both tuning forks and organ pipes, while Appleton (1922) studied electronic oscillators. When the systems were nearly in unison it was not possible to reduce the beat frequency indefinitely, for synchronization occurred. The observations that have been made do not prove that there is no interaction but they do show that if it occurs it must be feeble and far below the level to be expected if clonus were due to the self re-excitation of hyperactive reflexes. If there were appreciable interaction between the two generators, the beat frequency should be significantly less than the predicted value and this has not been observed. The effect in physical systems is due to the tendency to synchronize and is most marked when the difference of frequencies is small. If there is a tendency for two systems to synchronize, there is one part of the cycle when the phase relationships for this to occur are most favourable and the oscillations tend to maintain this particular phase relation longer than any other. Thus, one part of the beat cycle is prolonged. In Rayleigh's tuning fork experiments and Appleton's experiments with triode oscillators, the beats increased slowly and decreased rapidly during a beat cycle. The beats produced in the patients with clonus were usually symmetrical even when quite slow.
The materials for the apparatus were obtained with the aid of funds from the Royal Society (govemment grants). The apparatus was constructed by Mr G. Wright who also contributed technical expertise during the recordings. The author is indebted to Sir Ludwig Guttmann and Mr Phillip Harris for introductions to some patients, to the patients themselves, and Dr J. A. V. Bates and Dr P. W. Nathan for the information quoted in the discussion.
